1. Introduction {#sec1-jcm-09-00171}
===============

Cancer is the leading cause of death globally, with an estimated mortality of 9.6 million in 2018 (World Health Organization). Conventional cancer treatment regimens typically include one or more modality such as surgery, radiotherapy and chemotherapy. However, with these treatments it becomes progressively harder to cure or prolong patient life if the cancer is not diagnosed at a sufficiently early stage, has metastasized at secondary sites, and/or has relapsed into therapy-resistance after initial treatment. Currently available new therapies include immunotherapy, targeted therapy, hormone therapy, stem cell therapy, engineered lymphocytes and, finally, virotherapy with oncolytic viruses (OVs). Among these, OVs have emerged as an exceedingly promising modality for cancer treatment based on their multi-mechanistic advantages against diverse types of cancer: the selective infection and killing of cancer cells, the ability in some cases to target cancer at metastatic sites, the release of tumor-associated antigens, triggering of novel anti-tumor innate and adaptive immune responses, and the activation and recruitment of immune cells into the tumor microenvironment (TME). Furthermore, genetic modification can further enhance the antitumor activity of many OVs and thus increase the suitability for combination with conventional or newer therapies. OVs that are in various stages of preclinical or clinical development are members of both RNA and DNA viruses \[[@B1-jcm-09-00171],[@B2-jcm-09-00171],[@B3-jcm-09-00171],[@B4-jcm-09-00171],[@B5-jcm-09-00171],[@B6-jcm-09-00171]\]. After successful testing in pre-clinical models, many OVs are now in varying stages of clinical trials with human cancer patients \[[@B7-jcm-09-00171]\]. The first genetically modified OV, an engineered adenovirus named H101, was approved in China in 2005 for the treatment of head and neck cancer \[[@B8-jcm-09-00171]\]. Recently, HSV-1 based Talimogene Laherparepvec (T-VEC) OV was approved in 2015 in the USA and Europe for the treatment of non-resectable metastatic melanoma \[[@B9-jcm-09-00171]\].

Myxoma virus (MYXV) is the prototypic member of the Leporipoxvirus genus of the *Poxviridae* family of DNA viruses \[[@B10-jcm-09-00171],[@B11-jcm-09-00171]\]. Like all poxviruses, the dsDNA genome of MYXV is relatively large (161.8 kbp) and encodes about 171 viral genes \[[@B12-jcm-09-00171]\]. About one-third of these genes, located mostly in the central region of the genome, are highly conserved in all poxviruses and are required for housekeeping functions like viral replication, transcription, translation and virion assembly. The remaining two-thirds of the viral genes, that tend to be clustered at or near the terminal genomic regions, are unique to specific poxviruses and are involved in subverting the host immune responses and other anti-viral pathways \[[@B13-jcm-09-00171],[@B14-jcm-09-00171]\]. These viral genes are also known as host immune modulators that are dedicated to pathogenesis and virus propagation within an immunocompetent host, and often dictate whether a given poxvirus can infect multiple species as they target related host determinants from diverse species. For example, vaccinia virus (VACV), a prototypic member of orthopoxvirus, can infect multiple host species, whereas MYXV and Ectromelia are highly restricted to rabbits and mice, respectively \[[@B15-jcm-09-00171]\]. The natural hosts of MYXV are lagomorphs of the Sylvilagus genus, such as the Brazilian tapeti and American brush rabbits, where the virus has co-evolved as a relatively nonpathogenic infection, likely for millions of years. In these host species, MYXV only causes benign cutaneous lesions and spreads from host-to-host by biting arthropod vectors, without any association with overt disease \[[@B16-jcm-09-00171],[@B17-jcm-09-00171]\]. In stark contrast to Sylvilagus rabbits, however, MYXV causes a lethal disease called myxomatosis in the *Oryctolagus cuniculus* (European rabbit) species. This extreme pathogenicity of MYXV in European rabbits was first documented in the late 19th century when the virus was first transmitted by mosquito vectors from wild Sylvilagus rabbits (i.e., the natural host) to captive Oryctolagus rabbits that had been imported to South America \[[@B18-jcm-09-00171]\]. The molecular and genetic basis of this extreme pathogenicity for MYXV in a single host, European rabbits, and absence of pathogenicity in the natural evolutionary tapeti/brush rabbits, is still not well understood. Due to its extreme lethality against European rabbits, MYXV was released in the 1950s in Australia and Europe to control the feral European rabbit populations, that had bred to environmentally damaging levels in the wild. During this deliberate release of MYXV in Australia, it was demonstrated that the virus is nonpathogenic for all nonrabbit animals tested, including humans \[[@B19-jcm-09-00171],[@B20-jcm-09-00171]\]. The topic of how MYXV is being developed as an OV to treat human cancer has been summarized previously \[[@B21-jcm-09-00171]\], and this review will focus on developments since then ([Table 1](#jcm-09-00171-t001){ref-type="table"}).

2. MYXV Tropism for Cancer Cells {#sec2-jcm-09-00171}
================================

Unlike many other types of viruses, poxviruses like MYXV, in general, do not rely on a specific cell surface receptor for binding, which allows them to attach to, and at least initiate infection of, diverse cell types originating from different species \[[@B32-jcm-09-00171]\]. However, there are few exceptions; for example, both MYXV and VACV are unable to bind and infect primary CD34^+^ hematopoietic stem cells \[[@B33-jcm-09-00171],[@B34-jcm-09-00171]\]. Poxviruses enter cells by a multistep process consisting of cell attachment, hemi-fusion of the viral envelop with the cell surface membrane or internalized endosomal structures, and then virion core injection into the cytoplasm. Most of these initial infection processes are documented from studies on VACV \[[@B35-jcm-09-00171],[@B36-jcm-09-00171],[@B37-jcm-09-00171],[@B38-jcm-09-00171]\]. The first step is relatively ubiquitous virion binding to the mammalian cell surface, which is mediated by at least four virus-encoded attachment proteins: D8, A27, H3 and A26 \[[@B35-jcm-09-00171]\]. D8 binds chondroitin, A27 and H3 bind heparan, and A26 binds laminin \[[@B39-jcm-09-00171],[@B40-jcm-09-00171],[@B41-jcm-09-00171],[@B42-jcm-09-00171]\]. This poxvirus binding to cells also involves interaction with integrin β1 and CD98 receptor molecules, and further activation of several serine/threonine kinases that are involved in the process of micropinocytosis or fluid phase endocytosis \[[@B43-jcm-09-00171],[@B44-jcm-09-00171]\]. The next step of virus entry is internalization into the cell cytoplasm after membrane fusion. The virion entry fusion complex (EFC) of VACV that mediates the membrane fusion events consists of a complex of at least 11 viral proteins \[[@B36-jcm-09-00171]\]. The fusion of the mature virion (MV) membrane with the plasma and/or endosomal membranes results in the deposition of the viral core into the cytoplasm of infected cells. Fusion is activated by low pH, but no specific cell receptor that activates fusion has yet been identified, which is why the binding/entry event for most poxviruses is so promiscuous against multiple classes and species of mammalian cells.

Nevertheless, comparing the infectivity of VACV and MYXV in different human cancer cell lines has suggested that some differences do exist in terms of how these two poxviruses interact with cancer cells and primary human leukocytes. For example, VACV demonstrated lower binding to human multiple myeloma cell lines U266 and HuNS1 compared to MYXV \[[@B45-jcm-09-00171]\]. For either VACV or MYXV, binding to different cancer cell types varies significantly, mainly because of the changes in the binding determinants on the surface of target cells. For example, heparin sulphate is not a major determinant for the binding of MYXV or VACV to nonadherent HuNS1 myeloma cells but is required for binding to another human myeloma cell line, U266, and many transformed adherent cell lines \[[@B45-jcm-09-00171],[@B46-jcm-09-00171]\]. Another example of a host cell tropism determinant is the extracellular matrix protein laminin, which is not required for MYXV binding to tested HeLa and myeloma cell lines but is required for VACV to bind HeLa cells and many transformed human or murine cell lines tested in culture \[[@B40-jcm-09-00171],[@B45-jcm-09-00171]\]. Both MYXV and VACV demonstrated similar levels of binding to primary human leukocytes derived from blood or bone marrow samples \[[@B45-jcm-09-00171]\]. However, virion binding to these primary leukocyte populations was not blocked by either heparin or laminin, suggesting that binding to these cells is independent of heparin sulphate or laminin \[[@B34-jcm-09-00171],[@B45-jcm-09-00171]\]. In contrast to human CD34^+^ stem cells, MYXV was able to bind naïve nonactivated primary human T lymphocytes but aborted at this early step without causing subsequent infection. This is a rare example of poxvirus binding to a target cell without entering and inducing early virus gene expression. However, following the activation of these primary T cells, for example with anti-CD3/CD28 or nonspecific T cell activators, the bound MYXV was able to now enter and initiate virus gene expression, allowing it to proceed to a complete virus replication cycle \[[@B47-jcm-09-00171]\]. These results suggest that MYXV binding and infection of primary lymphocytes may vary dramatically with cell type and their activation status.

3. Role of Intracellular Signaling in Cancer Cell Tropism {#sec3-jcm-09-00171}
=========================================================

As a way of protecting themselves against host immune surveillance, cancer cells have been selected to circumvent or disrupt many innate immune sensing pathways, including anti-viral signaling. These genetic defects in cancer cells collectively represent an Achilles heel that allows them to be preferentially infected by many classes of viruses, including OVs. However, their non-transformed cellular counterparts, that maintain fully functional antiviral sensing/signaling, are frequently more resistant to infection by the same virus. OVs exploit these inherent defects found in cancer cells to mediate selective infection and replication, but the actual level of productive infection varies dramatically among viruses and cancer cell types. Particularly for poxviruses, this increased tropism for cancer cells depends on the ability of virus-encoded proteins to modulate the antiviral signaling pathways still operational in cancer cells. Large DNA poxviruses, such as VACV and MYXV, encode dozens of host modulatory proteins that make them highly effective in terms of modulating multiple cellular pathways after entering the cells \[[@B14-jcm-09-00171]\].

MYXV, a virus that has largely adapted to rabbits as a host, can nevertheless infect different types of cancer cells originating from diverse species \[[@B21-jcm-09-00171]\]. The intracellular signaling pathways that regulate MYXV replication in human cancer cells identified so far include: Protein kinase B (also known as Akt), Protein kinase R (PKR), Sterile alpha motif domain containing 9 (SAMD9), and various host DEAD-box RNA helicases. Due to the cellular transformation, Akt is often constitutively phosphorylated at different levels in many cancer cells types. MYXV preferentially replicates in cancer cell lines where both Thr308 and Ser473 are phosphorylated \[[@B48-jcm-09-00171]\]. However, when only Thr308 is phosphorylated, the MYXV-encoded ankyrin repeat containing protein M-T5 is exploited for the subsequent phosphorylation of Ser473 and release of the block against virus replication \[[@B49-jcm-09-00171]\]. For cancer cell lines where Akt is not phosphorylated at either of these sites, MYXV is frequently not able to replicate, and they are classified as non-permissive cancer cell lines \[[@B48-jcm-09-00171]\]. Thus, in the absence of M-T5 protein, MYXV is not able to replicate in those human cancer cell lines with hemi-phosphorylated Akt \[[@B50-jcm-09-00171]\]. Another cellular protein associated with the regulation of MYXV replication in human cancer cells is SAMD9, an interferon regulated protein, targeted by MYXV protein M062, a functional homolog of the C7L family of host range proteins from orthopoxviruses \[[@B51-jcm-09-00171]\]. Following knockout of the *M062* gene, MYXV is unable to produce significant levels of the progeny virus in diverse human cancer cell lines \[[@B51-jcm-09-00171]\]. SAMD9 and SAMD9L, a paralog of SAMD9 that is encoded by some mammals, is also inhibited by other members of the C7L family of proteins, such as K1, C7 and CP77 \[[@B52-jcm-09-00171],[@B53-jcm-09-00171],[@B54-jcm-09-00171],[@B55-jcm-09-00171]\]. PKR is another important and rapidly evolving host cell antiviral kinase in almost every cell type, including cancer cells. Thus, inhibition of PKR is key for MYXV replication in both rabbit and non-rabbit cell lines. MYXV encoded dsRNA binding protein M029, an ortholog of VACV E3 family of proteins, is essential for MYXV replication in all human cells tested \[[@B56-jcm-09-00171]\]. In a recent study, it was demonstrated that members of the DEAD-box containing RNA helicase superfamily of proteins also play critical regulatory roles for MYXV tropism in human cancer cells \[[@B57-jcm-09-00171]\]. In addition to these known cellular factors, cancer cells' inherent inability to induce a synergistic antiviral state against type I IFN plus TNF, and their mutational inactivation of genes like *RB* and *p53* also allow MYXV infection and replication in diverse types of cancer cells \[[@B58-jcm-09-00171],[@B59-jcm-09-00171],[@B60-jcm-09-00171]\]. It is likely that many more antiviral pathways that regulate MYXV tropism in human cancer cells are still to be discovered.

4. MYXV Oncolytic Killing of Cancer Cells {#sec4-jcm-09-00171}
=========================================

Most viruses have acquired diverse mechanisms to evade host-regulated cell death, such as apoptosis, necroptosis and pyroptosis, for example, by encoding proteins that target these pathways \[[@B61-jcm-09-00171]\]. Although eventually the virus-infected cells die and are cleared by the immune system, the battle between virus and host cells can delay the kinetics and alter the type of cell death. Like many poxviruses, MYXV also encodes proteins that prevent or delay the induction of virus-induced cell death. In some studies, it was shown that deletion of these viral death modulator genes can enhance cancer cell killing, and thus can be a more effective oncolytic virus platform. The expectation is that modified OVs that operate through the enhanced cell killing of cancer cells can more robustly expose tumor antigens and induce stronger anti-tumor immune responses \[[@B62-jcm-09-00171]\]. For example, MYXV infection of human multiple myeloma (MM) cell lines and primary patient-derived MM cells results in unusually rapid cell death. This killing was independent of viral replication, but rather appeared to occur through virus-mediated induction of programmed cell death, which leads to the ligand-independent activation of caspase-8 \[[@B63-jcm-09-00171],[@B64-jcm-09-00171]\]. In MYXV, the viral proteins that have been identified so far as regulators of cell death include: M-T5, M13, M11, and Serp2. M11L is a key anti-apoptotic protein member of the Bcl2 superfamily encoded by MYXV and acts as a potent inhibitor of intrinsic apoptosis \[[@B65-jcm-09-00171]\]. M11L interacts with several host pro-apoptotic Bcl-2 proteins, including Bak, Bax, Bim and Bid \[[@B66-jcm-09-00171],[@B67-jcm-09-00171]\]. Structural studies revealed that M11L adopts a monomeric Bcl2 fold to interact with pro-apoptotic Bcl-2 proteins Bak and Bax \[[@B66-jcm-09-00171],[@B68-jcm-09-00171]\]. As discussed later, the MYXV M11L-knockout construct showed enhanced oncolytic activity against glioma in vitro and in vivo \[[@B24-jcm-09-00171]\]. Apart from M11L, the involvement of other viral proteins in modifying cell death pathways was confirmed by studies using the recombinant viruses not expressing the selected proteins. For example, the MYXV M-T5-knockout virus infection of human cancer cell lines resulted in the selective activation of caspase 3 \[[@B50-jcm-09-00171]\]. Similar activation of host cell caspases was also observed after infection with MYXV deleted for the *M013* gene that expresses a PYRIN domain-containing protein \[[@B69-jcm-09-00171]\]. The MYXV genome also encodes serine protease inhibitors (serpins) that antagonize the function of various host caspases. Among these viral serpins, SERP1 has been shown to inhibit caspase 1 and granzyme B \[[@B70-jcm-09-00171]\]. Another MYXV encoded serpin that regulates caspase activity is SERP2. SERP2 has been characterized as a weak inhibitor of granzyme B and interleukin-1beta-converting enzyme (ICE, caspase-1), in contrast to CrmA, encoded by CPXV \[[@B71-jcm-09-00171]\]. Deletion of *Serp2* gene from the MYXV genome results in a virus that selectively induces apoptosis in rabbit lymphocytes. This was also observed in canine tumor cells, where Serp2 KO MYXV induced more cytopathic effects and evidenced increased oncolytic activity \[[@B72-jcm-09-00171]\].

5. Oncolytic Virotherapy for Solid Tumors {#sec5-jcm-09-00171}
=========================================

5.1. Small Cell Lung Cancer {#sec5dot1-jcm-09-00171}
---------------------------

Lung cancer is the second most common cancer in both men and women. Among the various forms of lung cancers, the two main types are: non-small-cell lung cancer (NSCLC) and small-cell lung cancer (SCLC). In general, about 10--15% of all lung cancers are SCLC. SCLC is considered a very aggressive and lethal malignancy due to its early metastatic dissemination \[[@B73-jcm-09-00171]\]. With SCLC, unfortunately most of the patients are diagnosed late with metastatic disease, and with current treatment options the general 5 year survival rate is only 6%. The SCLC-associated invasive tumor growth and early metastatic dissemination are mainly driven by the mutational inactivation of RB1 and p53. Patients with limited stage (LS) or extensive stage (ES) SCLC are commonly given platinum-based chemotherapy, such as cisplatin and carboplatin, with the non-platinum agent etoposide as first-line treatment \[[@B74-jcm-09-00171]\]. Immunotherapy using an anti-PD1 antibody, prolonged survival compared to standard chemotherapy against NSCLC; however, for SCLC the response rate to immunotherapy remains low, in the range of 15--30% \[[@B75-jcm-09-00171]\]. Various OVs have been tested as potential viral immunotherapies against NSCLC, including VSV, measles virus (MV), VACV and adenovirus \[[@B76-jcm-09-00171]\]. However, only a small number of OVs are in human clinical trials against lung cancer indications. One of the obstacles for OVs is the delivery of sufficient therapeutic virus to the SCLC tumors and metastatic sites.

In vitro, MYXV can productively infect and replicate in both adherent monolayer and nonadherent (i.e., floating spheroid) human SCLC cell lines, whereas normal human lung epithelial cells were essentially nonpermissive to MYXV \[[@B22-jcm-09-00171]\]. In the tested human SCLC cell lines, MYXV infection caused cell death and increased the early release of ATP, a marker for induced immunogenic cell death (ICD). In addition, like human SCLC cell lines, MYXV also productively infected patient-derived primary SCLC cells collected by bronchoscopy \[[@B22-jcm-09-00171]\]. The oncolytic activity of MYXV against SCLC was then tested in an immunocompetent genetically engineered mouse model (GEMM). In this model, the conditional knockouts of *p53*, *Rb* and *P130* using intratracheal delivery of adenovirus Cre-recombinase (Ad-Cre) led to the development of multiple SCLC tumor foci in the lungs \[[@B77-jcm-09-00171]\]. These murine tumors represented features characteristic of end-stage human lung SCLC. When tested for immune cell infiltration, the lung tumor lesions exhibited minimal CD45^+^ and CD3^+^ immune cell populations, which also is reminiscent of the situation with primary human SCLC tumor biopsies \[[@B22-jcm-09-00171]\]. Using this murine SCLC mouse model, syngeneic murine SCLC cell lines that were either adherent or floating spheroid phenotypes were generated and infected with MYXV to test for oncolytic killing. Like human SCLC cell lines, these murine SCLC cell lines were also productively infected with MYXV and showed an enhanced early release of ATP after MYXV infection \[[@B22-jcm-09-00171]\]. Furthermore, a cisplatin-resistant murine SCLC cell line, which was generated by continuous exposure to cisplatin, was also infected by MYXV, suggesting that even drug-relapsed SCLC patients might be treatable with oncolytic MYXV. To test whether MYXV can infect SCLC cells in vivo within the tumor bed in situ in GEMM SCLC mice, the virus was delivered into the lung by intranasal instillation three months after tumor induction via intratracheal Ad-Cre delivery \[[@B22-jcm-09-00171]\]. In the MYXV-treated lungs, MYXV replication was detected three days post-delivery using the expression of FLuc as a reporter, however, the signal was mostly eliminated by seven days post-delivery. More importantly, using this delivery method, MYXV replication was not detected in any other organs, again supporting the safety profile of MYXV. When the tumors were collected after 30 days of viral delivery and stained with CD45^+^ positive leukocytes, significant increases in immune cell infiltration were observed in the tumor bed \[[@B22-jcm-09-00171]\]. These results suggest that MYXV enhanced the immune-stimulatory responses in vivo in the SCLC tumor bed. Based on these findings, a survival study was performed in this model by intranasal delivery of MYXV as therapy, with or without cisplatin. In this test, MYXV alone, or in combination with cisplatin, significantly enhanced the survival of mice compared to control PBS or treatment with cisplatin alone \[[@B22-jcm-09-00171]\]. These results demonstrate the potential of using MYXV as a virotherapy and immunostimulatory treatment agent for SCLC.

5.2. Ovarian Cancer {#sec5dot2-jcm-09-00171}
-------------------

Ovarian cancer (OC) is the sixth most prevalent cancer in women, with a high relapse rate. The five year relative survival rate for all types and stages of ovarian cancer is 47%, making it the most lethal of the gynecologic malignancies (American Cancer Society). OVs, in combination with immunotherapeutic agents such as Immune Checkpoint Inhibitors (ICIs), has shown promise in preclinical models and clinical trials. In a recent study, it was shown that, in select ovarian cancer cell lines, STING-dependent innate immune signaling pathways were defective, allowing cancer cells to become more susceptible to OVs. Surprisingly, the dsRNA activated RIG-I/MDA5 innate immune cytokine production pathway was functional in these cells \[[@B78-jcm-09-00171]\]. Among the OVs, Measles, Adenovirus, VACV and Reovirus have been used in clinical trials \[[@B79-jcm-09-00171]\]. MYXV has been tested in both human EOC cell lines and primary human EOC cells, isolated directly from patient ascites, which are cultured as suspension EOCs or spheroids \[[@B80-jcm-09-00171]\]. In a later study, it was shown that although MYXV infected and reduced the viability of adherent monolayer cultured cells, in 3D spheroids the virus replication was restricted \[[@B81-jcm-09-00171]\]. This is possibly because, in spheroids, Akt signaling becomes downregulated, which directly affected MYXV replication and oncolytic efficacy \[[@B80-jcm-09-00171]\]. However, when the spheroids were reattached, the activated AKT level increased and also enhanced MYXV infection and oncolytic killing of cells. This was also observed with patient ascites derived EOC cells grown in spheroids, which showed MYXV entry but no cytopathic effects. The direct infection of freshly-collected ascites demonstrated that more than 50% patient samples were sensitive to MYXV-mediated oncolytic cell killing \[[@B81-jcm-09-00171]\]. In a recent study, the combination of MYXV oncolytic virotherapy with chemotherapy cisplatin was tested in a disseminated OC mouse model. In this model, delivery of MYXV first, and subsequent treatments with cisplatin increased, the survival of mice. Another interesting observation was that OC patient ascites-associated CD14^+^ myeloid cells, when infected in vitro with MYXV, reduced the secretion of IL-10, a signature of the immunosuppressive tumor environment \[[@B23-jcm-09-00171]\].

5.3. Glioblastoma {#sec5dot3-jcm-09-00171}
-----------------

Glioblastoma, also known as glioblastoma multiforme (GBM), is one of the most aggressive types of cancers that starts in astrocytes that support nerve cells. The treatments for GBMs are surgery, followed by radiation and chemotherapy. But these treatments are largely ineffective and the median survival time for GBM is only 15 to 16 months \[[@B82-jcm-09-00171]\]. Among the chemotherapy options, temozolomide (TMZ) improves the survival of patients with GBM, however, the development of resistance to GBM is very common and, thus, newer therapies are urgently required. Another barrier to GBM therapy is the intra-tumoral heterogeneity in the tumor-initiating cell population, which quickly develop a resistance to conventional therapies. OVs, in this case, are ideal candidates, as they can overcome the genetic complexity of GBM cell populations. A variety of OVs have been tested against GBM, and several clinical trials are currently ongoing to test them in patients \[[@B83-jcm-09-00171]\]. MYXV has shown potent oncolytic activity in orthotopic preclinical glioma models in which human glioma xenografts were implanted \[[@B84-jcm-09-00171]\]. MYXV was also able to efficiently infect and kill primary human gliomas obtained from surgical specimens cultured ex vivo \[[@B84-jcm-09-00171]\]. In an immunocompetent rat model with Racine gliomas, MYXV, in combination with rapamycin, prolonged survival compared to MYXV alone. This enhanced effect of rapamycin was likely due to reduced type I IFN responses and the infiltration of NK cells and macrophages into MYXV-treated gliomas, suggesting that immunocompetent host modulation of the immune system is required for effective MYXV oncolytic virotherapy \[[@B85-jcm-09-00171]\].

MYXV oncolytic virotherapy was tested against brain tumor-initiating cells (BTICs) for GBM \[[@B86-jcm-09-00171]\]. BTICs were isolated from human gliomas that were cultured under neurosphere conditions and retained stem-cell-like properties. When both TMZ-resistant and -sensitive BTICs were tested, MYXV was able to infect and kill both types of BTIC lines \[[@B86-jcm-09-00171]\]. MYXV infection and replication was further enhanced when BTIC cells were pretreated with rapamycin. The BTIC cell lines were used in a xenograft SCID mouse model. In this model, intratumoral delivery of MYXV, in combination with rapamycin, only provided long-term survival for some of the BTIC lines. This was correlated with the observations that, in the sensitive cells, MYXV infection decreased the expression of stem cell markers both in vitro and in vivo \[[@B86-jcm-09-00171]\]. In contrast, MYXV showed modest activity against patient-derived, brain tumor-initiating cells (BTICs) \[[@B87-jcm-09-00171]\]. In order to improve the oncolytic activity of MYXV against BTICs, a combination of chemotherapeutics with MYXV were tested. In this assay, a library of 73 compounds that are in clinical use or preclinical development was screened, and led to the identification of additional compounds that worked synergistically with MYXV in vitro \[[@B87-jcm-09-00171]\]. Among the different compounds that were tested, axitinib, rofecaxib and pemetrexed showed the highest effect against BTICs in combination with MYXV \[[@B87-jcm-09-00171]\].

To further study the impact of MYXV virotherapy against malignant glioma, mouse glioma cell lines derived from C57BL/6J NPcis mice (*Trp53*^+/−^/*Nfl*^+/−^), which spontaneously developed high-grade gliomas and recapitulated many clinical phenotypes of the human disease, were tested in syngeneic C57BL/6J mice. These mouse glioma cell lines were susceptible to in vitro MYXV infection, replication and killing \[[@B88-jcm-09-00171]\]. However, intracranial injection of MYXV in the orthotopically grafted mouse gliomas failed to result in viral replication or treatment efficacy, as virus replication was cleared within seven days post-delivery \[[@B88-jcm-09-00171]\]. In order to find out whether type I IFN signaling is involved in the reduction in MYXV replication and activity, an IRF9 knockdown cell line that did not respond to IFN was tested in this model. However, even in this cell-line-derived glioma, the in vivo MYXV virotherapy was not improved, suggesting that an antiviral state independent of glioma IFNα/β signaling might function against MYXV \[[@B88-jcm-09-00171]\]. To further enhance the oncolytic activity of MYXV, a modified MYXV strain lacking the anti-apoptotic M011L (vMyx-M011LKO) was tested against human and mouse BTICs. In both human and mouse BTICs, infection with vMyx-M011LKO virus significantly enhanced the killing of cells by the activation of caspase 3/7 \[[@B24-jcm-09-00171]\]. Human BTICs were tested in xenograft NSG mouse (NOD scid gamma) lacking mature B and T cells. Interestingly, unlike xenograft human BTICs in SCID mice, in NSG mice both wild-type and M11LKO MYXV did not show any survival benefits \[[@B24-jcm-09-00171]\]. This is possibly because SCID mice are not as immunocompromised as NSG mice. In order to test the oncolytic activity of M11LKO MYXV in an immunocompetent mouse model, murine BTIC line mBTIC0309 was engrafted in immunocompetent C57BL/6J mice. In this model, the treatment of murine BTICs with M11LKO MYXV prolonged survival of mice compared to identical cohorts with wild-type MYXV \[[@B24-jcm-09-00171]\]. Again, using the same murine BTIC line in NSG mice, the survival benefit with this MYXV construct was lost, suggesting the critical importance of immune responses against the viral infection, in order to induce clearance of the tumor. Further, in this immunocompetent BTIC model, when TMZ was combined with M11LKO virus, there was further prolonged survival of mice with only a single dose of virus and a subsequent five doses of TMZ \[[@B24-jcm-09-00171]\]. Again, this survival benefit was not observed in NSG mice. In immunocompetent mice, robust activation of caspase 3 and Ki-67 was observed in the brain sections collected from mice treated with a combination of M11LKO and TMZ. However, this activation of caspase was not observed with wild-type or control UV-inactivated virus, suggesting the importance of caspase activation for BTIC tumor clearance in an immunocompetent host.

5.4. Gallbladder Cancer {#sec5dot4-jcm-09-00171}
-----------------------

Gallbladder cancer (GBC) is rare but the most common biliary tract malignancy. The chances of curing gallbladder cancer are high if it is diagnosed at its earliest stage, but most gallbladder cancers are diagnosed late, after it spreads, due to a lack of early signs and symptoms. Surgery, radiation and chemotherapy are the most common types of treatment for GBC. However, metastatic gallbladder cancer is difficult to cure and the median survival for advanced stage cancer is less than a year \[[@B89-jcm-09-00171]\]. Not many OVs have been tested against GBC. MYXV oncolytic activity has been assessed against human GBC cell lines in vitro and in vivo. MYXV infection of all the tested GBC cell lines allowed viral replication and cell killing, which was further enhanced with the treatment of rapamycin \[[@B25-jcm-09-00171]\]. The level of activated AKT is one of the determinants of MYXV tropism in these cell lines. In the CD-1 nude mice xenograft model, either MYXV alone or in combination with rapamycin did not show efficacy when compared to a xenograft of human glioma cell line \[[@B25-jcm-09-00171]\]. It was found that, in this model, a higher expression of collagen IV in the GBC tumors physically blocked MYXV intratumoral distribution. Subsequently, it was found that hyaluronan enhanced MMP-9 expression and AKT activation, which eventually also increased the oncolytic activity of MYXV for GBC in vitro and provided a survival benefit for xenograft mice in vivo \[[@B25-jcm-09-00171]\]. In another study, it was shown that, in the same xenograft tumor model, the systemic delivery of MYXV using bone-marrow-derived stem cells (BMSCs) enhanced the oncolytic activity of MYXV \[[@B90-jcm-09-00171]\]. However, further studies will require an improvement in the clearance of the tumor and a long-term survival benefit. The development of the syngeneic GBC mouse model will further allow for testing the efficacy of oncolytic virotherapy.

5.5. Melanoma {#sec5dot5-jcm-09-00171}
-------------

Melanoma is the leading cause of death from skin disease. Failure to diagnose early may lead to the development of metastatic melanoma that spreads from the skin to other parts of the body, such as the lymph nodes, liver, lungs, bones and brain. Metastatic melanoma is much harder to treat and the average five year survival rate for stage 4 metastatic melanoma is only 15--20% \[[@B91-jcm-09-00171]\]. Apart from surgery, radiation, immunotherapy or chemotherapy are used to treat metastatic melanoma. Various OVs have been tested against melanoma \[[@B92-jcm-09-00171]\]. Currently, T-VEC is the only OV approved in the USA and Europe for the treatment of advanced melanoma. T-VEC is a recombinant HSV (type 1) that has been engineered to contain mutations in the viral proteins ICP34.5 and ICP 47, and also to express human GM-CSF \[[@B9-jcm-09-00171]\]. Other OVs tested against melanoma are HSV-1 mutant HF-10, coxsackieviruses (CVA21), Reovirus, VACV and Adenovirus, which all have all been tested in patients under different phases of clinical trial. MYXV was assessed against melanoma using B16F10 mouse melanoma cells in a syngeneic immunocompetent mouse model \[[@B93-jcm-09-00171]\]. MYXV, alone or combination with rapamycin treatment ex vivo, inhibited the development of lung metastasis \[[@B93-jcm-09-00171]\]. MYXV was also tested in a metastatic melanoma brain tumor syngeneic mouse model. In this model, B16.SIY melanoma cells were infused intracranially in C57BL/6 mice. However, multiple injections of MYXV in combination with rapamycin and/or concurrent T-cell immunotherapy were required to improve the overall outcome \[[@B26-jcm-09-00171]\]. This was based on the finding that the presence of cytotoxic lymphocytes in the tumor bed can improve cancer patients' survival and also decrease metastasis \[[@B26-jcm-09-00171],[@B94-jcm-09-00171]\].

OVs can provide a unique platform to express immune-stimulating cytokines directly in the tumor bed. A recombinant MYXV-expressing murine, IL-15 (vMyx-IL-15), was tested in an immunocompetent melanoma model \[[@B27-jcm-09-00171]\]. Intratumoral injection of this IL-15-armed MYXV in a subQ B16F10 melanoma model prolonged the survival of mice compared to the control, unarmed MYXV. Histological analysis of the tumor identified more inflammation in the tumor bed due to the infiltration of neutrophils. Since the co-expression of IL-15 with the α subunit of IL-15 receptor enhances the stability and bioactivity of IL-15, a new recombinant MYXV was constructed, expressing secreted IL-15Rα-IL-15 fusion protein. When this recombinant MYXV was tested in an immunocompetent B16F10 subQ model in wild-type or RAG^-/-^ background mice, tumor growth was attenuated and prolonged the survival of mice compared to the vMyx-IL-15 or unarmed MYXV \[[@B28-jcm-09-00171]\]. Histological analysis of tumors in C57BL/6 mice showed strong a infiltration of both NK cells and CD8+ T cells in response to vMyx-IL-15Rα-IL-15 virus infection \[[@B28-jcm-09-00171]\].

6. Oncolytic Virotherapy for Hematologic Malignancies {#sec6-jcm-09-00171}
=====================================================

Hematologic malignancies are cancers that begin in the cells of blood-forming tissues, such as bone marrow or different leukocytes of the immune system. Some examples of hematologic cancers are: multiple myeloma (MM), acute myeloid leukemia (AML), lymphomas and myelodysplastic syndromes. New cases of hematologic malignancies are expected to account for 10% of new cancer cases diagnosed in the USA in 2019 (Cancer facts and figures, 2019. American Cancer Society, 2019). Despite the overall increase in survival rates, more than 9% of cancer-related deaths are from these diseases. This is mainly because of the relapse of the disease after treatment with conventional therapies, including autologous hematopoietic stem cell transplant (HSCT). Numerous reports show that transplanted autografts frequently still contain cells that constitute minimal residual disease (MRD). Various purging strategies have been tested in the past to reduce MRD in the transplant sample, and sometimes to enrich the CD34^+^ stem cells \[[@B95-jcm-09-00171],[@B96-jcm-09-00171]\]. However, existing methods do not completely eliminate all contaminating cancer cells from the autografts. The finding that MYXV is safe for normal hematopoietic stem cells because of virions' inability to bind to CD34^+^ stem cells led to the testing of MYXV against AML and MM in preclinical cancer models. In these studies, the treatment of human AML or MM cells ex vivo with MYXV prior to xenotransplantation into NSG mice prevented the subsequent engraftment of cancer cells in the recipient host, suggesting that MYXV can be used to selectively delete various classes of cancer cells from autologous HSCT samples \[[@B64-jcm-09-00171],[@B97-jcm-09-00171]\]. OVs have also been used to directly target cancer cells in their niches. For example, the measles virus is administered systemically via intravenous route in MM patients \[[@B98-jcm-09-00171]\]. In a syngeneic mouse model of MM, the systemic delivery of MYXV significantly reduced tumor burden and prolonged the survival of mice \[[@B30-jcm-09-00171]\]. The ability of MYXV to target MM niches was also tested using ex vivo virotherapy with bone marrow (BM) leukocytes in immunocompetent mice, using an allogeneic mouse--mouse transplant model \[[@B29-jcm-09-00171]\]. In this case, the mouse MM cell line MOPC315.BM was resistant to direct MYXV binding and infection when tested in vitro. However, the delivery of MYXV with ex vivo loaded allogeneic BM leukocytes in the mice pre-seeded with MM disease, dramatically reduced residual MM in the BM and spleen and extended the survival of mice \[[@B29-jcm-09-00171]\]. These results suggest that MYXV is safe for hematopoietic stem cells and can be used with current treatment modalities for MM, such as monoclonal antibodies, adoptive cell therapies and immune checkpoint inhibitors.

7. Enhancing Oncolytic Activity of MYXV by Genetic Manipulation {#sec7-jcm-09-00171}
===============================================================

It was reported that the VACV-encoded F11L protein promotes virus release and rapid spread by inhibiting GTPase RhoA signaling and its effector mDia, which results in a disruption of the cortical actin layer \[[@B99-jcm-09-00171],[@B100-jcm-09-00171]\]. Unlike VACV, MYXV produces foci on monolayers of cultured cells rather than plaques, that instead resemble a focus of transformed cells. This is likely because MYXV lacks a homolog of the *F11L* gene. Expression of *F11L* in MYXV resulted in the formation of large viral plaques, resulting in high titers in multistep growth conditions, all due to the modulation of cortical actin \[[@B101-jcm-09-00171]\]. The recombinant F11L protein expressing MYXV replicated to higher levels in several human cancer cells and induced better tumor control and prolonged survival of mice. The virus was also able to spread to a second, untreated tumor-bearing site. In addition, pharmacological inhibition, or siRNA-mediated silencing of key regulators of cortical actin RhoA, RhoC, mDia1 or limk2, also enhanced the oncolytic activity of MYXV \[[@B102-jcm-09-00171]\].

Due to its the ability to carry large insertions of foreign DNA, MYXV has also been exploited as gene therapy delivery system with the potential to target essential cancer genes. With this goal, a recombinant MYXV was generated with a CRISPR/Cas9-based gene editing capability. Using this recombinant virus, the treatment of preclinical ERMS tumor xenograft with an NRAS-targeting version of MYXV significantly reduced tumor growth and increased overall survival \[[@B31-jcm-09-00171]\]. As described before, MYXV has been used to express immune-stimulating cytokine IL-15 and IL-15Rα-IL-15, which resulted in enhanced innate and adaptive antitumor immune responses \[[@B27-jcm-09-00171],[@B28-jcm-09-00171]\]. MYXV can also be used to target the PD1/PDL1 pathway within the TME, by the direct expression of single chain antibodies or soluble scavenger proteins. MYXV construct, expressing a soluble ectodomain form of PD1 (sPD1) from virus-infected cells, induced and maintained antitumor cytotoxic T cell responses within the tumor bed, which was safer and more effective than combination therapy with anti-PD1 antibody plus wild-type MYXV \[[@B103-jcm-09-00171]\]. This result opened up the possibility of direct MYXV-mediated expression of antibodies/inhibitors for immune checkpoint inhibitor anti-cytotoxic T lymphocyte antigen 4 (CTLA4) and recently identified co-inhibitory receptors, such as lymphocyte activation gene 3 (*LAG-3*) and T cell immunoglobulin and mucin receptor protein 3 (TIM3) \[[@B104-jcm-09-00171]\]. Based on the reported studies, other immune-stimulating molecules that can be expressed using MYXV are cytokines, such as granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-12, IL-2, IL-21, and activators of co-stimulatory receptors, such as 4-1BB, OX40, Glucocorticoid-induced TNFR-related protein (GITR) and B7-1 (CD80) \[[@B104-jcm-09-00171],[@B105-jcm-09-00171]\]. All these molecules have proven antitumor activity, and using viruses' tumor-localized expression of these immune-stimulating transgenes or targeted inhibition of pathways can further improve the therapeutic outcome with OVs.

8. Conclusions and Future Directions {#sec8-jcm-09-00171}
====================================

MYXV is a promising candidate OV that has been successfully tested in many preclinical cancer models. In addition, the extreme safety profile of this virus outside of rabbits, the highly selective tropism for many diverse classes of cancer cells, and the restriction of virus replication in primary non-transformed human cells make MYXV an attractive OV platform. In order to render MYXV even safer for the one known susceptible host (European rabbits), targeted viral gene knockout mutant MYXV constructs are available, which retained the ability to infect and kill cancer cells but have lost the ability to cause any overt disease, even in rabbits \[[@B106-jcm-09-00171],[@B107-jcm-09-00171]\]. Another advantage of MYXV is the ability to insert and express multiple therapeutic transgenes without compromising virus replication and production. This allowed the construction of multi-armed MYXV constructs that can express therapeutic transgenes directly in the tumor bed. In the future, the insertion of more therapeutic transgenes can further improve the extent of anti-tumor immune responses needed for the long-term clearance of tumors ([Figure 1](#jcm-09-00171-f001){ref-type="fig"}). At present, the main challenge with OV therapy in general is the systemic delivery of the virus and targeting the disseminated metastatic tumor sites. Initial studies have shown promising results for ex vivo virotherapy with MYXV by exploiting different types of either autologous or allogeneic carrier leukocytes, with the ability to deliver the virus to hard-to-reach metastatic sites. Establishing the optimal carrier cells for delivering MYXV to diverse metastatic sites will further support the clinical development of MYXV for later stage disseminated cancers.

M.M.R. and G.M. wrote the manuscript. All authors have read and agreed to the published version of the manuscript.

GM's laboratory is supported by NIH grant R01 AI080607; a start-up fund from Arizona State University and Mayo clinic Multiple Myeloma SPORE P50 CA186781.

G.M. is co-founder and stakeholder, and M.M.R. is consultant for OncoMyx Therapeutics, a biotech company engaged in the clinical development of armed MYXV for clinical trials.

The authors declare no conflict of interest.

![The clinical developmental path for the oncolytic virus. Multiple steps are involved in the selection, testing and development of an oncolytic virus candidate that can be successfully used in the clinic for cancer treatment.](jcm-09-00171-g001){#jcm-09-00171-f001}

jcm-09-00171-t001_Table 1

###### 

Summary of preclinical cancer models tested with oncolytic MYXV.

  Type of Cancers                     Animal Model                                                  Tumor Establishment                                                MYXV Constructs and Delivery                                                Combination Therapy                                                                                                      Outcome (Ref)
  ----------------------------------- ------------------------------------------------------------- ------------------------------------------------------------------ --------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------ -----------------------------------------------------------------------------------------------------------
  Small cell lung cancer (SCLC)       C57BL/6 (p53^lox/loxp^ p130^lox2722/lox2722^ Rb^loxP/loxP^)   Intratracheal injection of adenovirus expressing Cre-recombinase   vMyx-M135KO, intranasal instillation                                        Virus alone and with cisplatin                                                                                           Prolonged survival of mice when combined with cisplatin \[[@B22-jcm-09-00171]\]
  NSG                                 Subcutaneous xenograft of human primary SCLC cells            Wild type (WT), intratumoral                                       none                                                                        Virus replication and extensive tumor necrosis \[[@B22-jcm-09-00171]\]                                                   
  C57BL/6                             Subcutaneous xenograft of mouse SCLC cells                    WT, intratumoral                                                   none                                                                        Virus replication, extensive tumor necrosis and CD45^+^ immune cell infiltration \[[@B22-jcm-09-00171]\]                 
  Ovarian cancer (OC)                 C57BL/6                                                       Murine OC cells in intraperitoneal cavity                          WT and vMyx-M062RKO, intraperitoneal cavity                                 Virus alone and with cisplatin                                                                                           Prolonged survival of mice when combined with cisplatin \[[@B23-jcm-09-00171]\]
  Glioblastoma (GBM)                  C57BL/6J                                                      Intracranial injection of murine BTICs                             WT and vMyx-M11KO, intratumoral                                             Virus alone and with temozolomide                                                                                        Prolonged survival of mice when combined with temozolomide \[[@B24-jcm-09-00171]\]
  Gallbladder cancer (GBC)            CD-1 nude                                                     Subcutaneous xenograft of human GBC cells                          WT, intratumoral                                                            Virus alone and with Rapamycin or hyaluronan                                                                             Combination treatment with hyaluronan reduced tumor burden and prolonged survival \[[@B25-jcm-09-00171]\]
  Melanoma                            C57BL/6 RAG^-/-^                                              Intracranial injection of mouse B16.SIY melanoma cells             WT, intratumoral                                                            Virus alone, with rapamycin and activated T cells                                                                        Prolonged survival of mice when combined all the treatments \[[@B26-jcm-09-00171]\]
  C57BL/6                             Subcutaneous injection of B16F10 cells                        WT and vMyx-IL-15, intratumoral injection                          none                                                                        Prolonged survival of mice treated with vMyx-IL15 \[[@B27-jcm-09-00171]\]                                                
  C57BL/6 and C57BL/6 RAG^-/-^        Subcutaneous injection of B16F10 cells                        WT, vMyx-IL-15 and vMyx-IL-15Rα-IL-15 intratumoral injection       none                                                                        Prolonged survival of mice with increased infiltration of NK and CD8+ T cells to the tumor bed \[[@B28-jcm-09-00171]\]   
  Multiple myeloma (MM)               BALB/c                                                        Intravenous injection of mouse MOPC315.BM cells                    WT, delivery of virus with total bone marrow                                none                                                                                                                     Prolonged survival of mice \[[@B29-jcm-09-00171]\]
  BALB/c                              Intravenous injection of mouse MOPC315 cells                  WT, systemic delivery                                              none                                                                        Prolonged survival of mice \[[@B30-jcm-09-00171]\]                                                                       
  Embryonal rhabdomyosarcoma (ERMS)   NSG                                                           Subcutaneous xenograft of human ERMS cells                         WT and NRAS targeting CRISPR-Cas9 engineered MYXV, intratumoral injection   none                                                                                                                     Reduced tumor volume and prolonged mice survival \[[@B31-jcm-09-00171]\]
